Abstract Neutron diagnostics, including flux and energy spectrum measurements, have been applied on the experimental advanced superconducting tokamak (EAST). The absolute calibration of neutron yields has been achieved by a calculation method using the Monte Carlo automatic modeling (MCAM) system and the Monte Carlo N-Particles (MCNP) code. Since the neutron yield is closely related with the ion density and temperature, it is a good measure of plasma performance, especially the wave heating effect. In ion cyclotron range of frequencies (ICRF) experiments, the increase in the ion temperature derived by the neutron yield indicates an effective plasma heating. Minority protons damp a large fraction of the total wave power, and then transfer part of the energy to deuterium by collisions. Neutron spectrum measurements also indicate that no tail is created by high energy deuterons during ICRF heating. However, the ion temperature derived by the neutron yield is consistent with the result by using a poloidal X-ray imaging crystal spectrometer (PXCS), showing a reliable transport calculation.
Neutron Yields Based on Transport Calculation in EAST ICRF

Introduction
Neutron diagnostics on controlled thermonuclear fusion experiments have many important applications. It is possible to measure the total neutron emission strength, the relative neutron emissivity as a function of position over a poloidal section through the plasma, and the energy spectra [1] . Neutron diagnostics provide data that may be used directly as a measure of plasma performance, since it is closely related with the ion density and energy distribution. The time-resolved neutron emission gives the neutron yield, which could derive an ion temperature for Maxwellian distribution plasmas [1∼3] if the ion density is known. Neutron energy spectra provide the mean energies and energy distributions of neutrons, which contain information about high energy ions. For non-Maxwellian plasma, the spectra are broadened or have a high energy tail if there are high energy ions, especially in neutral beam injection (NBI) and/or ICRF heating schemes. With some ingenuities, neutron diagnostics could also provide information concerning particle transport properties, fastparticle slowing-down times, and important magnetohydrodynamic (MHD) effects.
Neutron diagnostics have been applied in ICRF plasmas in EAST for measuring the fusion reaction product, which gives a direct measure of the ICRF heating. We have setup neutron flux and energy spectrum diagnostic systems. To get the neutron yield, substantial corrections for the effects of neutron absorption and scattering from the field coils and other mechanical structures need to be considered. Two suitable calibration techniques have been recommended at a workshop [4] : (1) a 252 Cf source calibration of epithermal neutron detectors; and (2) threshold neutron activation of Ni foils placed vertically above or below the plasma. While these kinds of techniques have not been carried out on EAST at present, the calibration factor (emitted neutrons per recorded event) could also be obtained by computational means (e.g., MCNP).
In EAST, neutron transport code MCNP [5, 6] has been applied to this problem. With this method, the evolutions of neutron yields have been derived in recent EAST experiments, especially in the ion cyclotron resonant heating (ICRH) scheme. It was observed that neutron fusion is remarkably increased at a frequency of 27 MHz and a toroidal field of 2.0 T, which means an effective ICRF heating. The energy distribution of deuterons obtained from the BC-501A liquid scintillator shows that no tail is created by high energy deuterons, which gives confidence in the T i derived from the neutron yields. Since the H/H+D ratio is controlled under a low level of 10%, a large fraction of the total wave power is transferred to the protons. The protons transfer energy to deuterons by collisions resulting in a bulk ion heating. However, the ion temperature de-rived from the neutron yield is consistent with the result by PXCS [7] , showing a reliable modeling based on the EAST model and its environment.
Experimental setup
EAST [8, 9] is the first fully superconducting tokamak with an elongated divertor configuration. The scientific mission of the EAST project is to study the physical issues of advanced operation scenarios under steady-state conditions. The design parameters of the EAST device are toroidal field B t =3.5 T, plasma current I p =1 MA, major radius R = 1.7 ∼ 1.9 m, minor radius a = 0.4 ∼ 0.45 m, and elongation κ up to 1.9. At present, EAST is equipped with a 2 MW lower hybrid current drive (LHCD) system at a frequency of 2.45 GHz, a 3×1.5 MW ICRH system [10] with a frequency of 25∼70 MHz, and more than 30 plasma diagnostics [11] . On EAST, the neutron diagnostics contain flux and spectrum measurements at present, and the neutron profile monitor is under construction. The neutron flux is detected by the 235 U fission chamber, and the neutrons pectrum is recorded by a BC-501A liquid scintillator. They are located on the mid-plane, close to the EAST window, as shown in Fig. 1 . The 235 U fission chamber is preferred for neutron flux measurement on EAST, especially in ICRH conditions, because of its good anti-gamma radiation capacity and proper detection efficiency. Its size is Φ 50×700 mm, response to thermal neutron is 1.16 cps/n · cm −2 · s −1 , and containsa 1.4 g high concentration of solid 235 U.
The 235 U fission chamber is 1.5 m away from window C and its absolute detection efficiency is about 0.1%∼0.2% with a moderator [12] . The Φ50×50 mm BC-501A liquid scintillator permits n/γ discrimination on the basis of pulse shape discrimination (PSD), which could be well used at a gamma background. It is placed in collimation shielding, which is used to detect the neutron spectra in a horizontal line of sight into the center of the plasma from a distance of 2 m. Fig. 2 shows spectrometer schematic electronic circuit of the neutron on EAST. 
Calculation code and model
Monte Carlo (MC) particle transport simulations, based on a statistically sampling process, are necessary for EAST 3D problems since we need to derive the neutron yields by measuring their fluxes. MCNP, a generalpurpose Monte Carlo N-Particle code was developed by the Los Alamos National Laboratory, for neutron, photon, electron or coupled neutron/photon/electron transport simulations. However, since describing and verifying the model in text file format are among the most complex tasks of MCNP calculation, especially for complex devices such as EAST, which limits the application of MCNP. With the progress of computer graphics and CAD technology, 3D geometry modeling software is mature and popular. Improving MCNP geometry modeling with CAD related technologies is becoming an urgent requirement. According to this situation, MCAM is developed. MCAM [13] , developed by the FDS Team, China, is an integrated environment for CAD model preprocessing, accurate bi-directional conversion between CAD/MCNP models, neutronic property processing, and geometry modeling. The MCAM functions and its simulation processing are generalized as in Fig. 3 .
The EAST 45
• model (Fig. 4) , created in CATIA, is the main datum verification model. This CAD model includes the superconducting toroidal field (TF) and poloidal field (PF) systems, vacuum vessel, limiter, liquid nitrogen cooled thermal radiation shield (N-shield), and cryostat. The TF system consists of 16 D-shaped coils arrayed toroidally and spaced 22.5
• apart. The PF system consists of 6 coils located symmetrically to the equator plane and 6 inner PF coils forming a central solenoid. There are 16 horizontal ports and 32 vertical ports for diagnostics, auxiliary heating, current drive, vacuum pumping, and gas puffing. In order to reduce the heat radiation from the vacuum vessel and the cryostat, 80 K inner and outer shields made of a sandwich structure enclose the whole superconducting magnets of EAST. The detailed design of the EAST tokamak device and its radiation protection system can be seen in Refs. [14, 15] . All the important parts and components of the EAST device are involved. The model itself can be improved to be used as the datum for nuclear analysis for its accuracy in shape and dimension to the real EAST device, which means the model is valuable for EAST neutron calculation analysis.
The processing of the EAST model
The EAST model includes 7 sub-systems, each imported into MCAM separately and grouped according to the material and assigned material properties according to the material definition. With MCAM, important material and neutron/photon information and even the remarks can be easily assigned to the cells in one group with a single operation, which greatly accelerates the modeling process. The detailed material compositions are listed in Table 1 . After the material processing, all the sub-systems are imported into one model.
To evaluate the neutron transport via various components, the space and energy dependent distribution of the neutron generation rate is considered. The neutron production rate S in the thermal plasma of a tokamak is determined by:
where n i is the ion density and R(T i ) is the Maxwellian reactivity, which is a strong function of the ion temperature T i in simplified form [1] :
It is assumed that n i and T i vary along the plasma minor radius according to:
where n i0 is the central ion density, T i0 is the central plasma temperature, a is the plasma minor radius, α and β are peaking factors, which are related to fusion power and average ion density and plasma temperature. Then the neutron source spatial distribution can be written as follows:
For the realistic tokamak neutron source model, the spatial distribution of the neutron emission is given by Eq. (4), where Ψ is called the peaking factor of power. On EAST, the Maxwellian reactivity scales with the ion temperature as R(T i ) ≈ kT 6 i in the range of T i =0.1∼1.0 keV [16] . The α and β peaking factors are usually assumed as 1 separately, since the neutron production rate is not so sensitive to this kind of profile. The source neutrons are assumed to emit isotropically with a Muir velocity Gaussian fusion energy spectrum as:
where A is the width in MeV 1/2 , and B is the energy in MeV corresponding to the average speed. The width here is defined as the change in velocity above the average velocity B 1/2 , where the value of the exponential is equal to e −1 . When those steps are finished, we could convert the EAST model (with material, source and tally information) to a MCNP input file. The geometric model consists of 998 cells defined by 1124 surfaces, shown in Fig. 5 , where the colors represent different materials. Since the absolute detection efficiencies of the 235 U fission chamber (with moderator) have been calibrated on the 4.5 MW electrostatic accelerator in the State Key Laboratory of Nuclear Physics and Technology (Peking University) [12] , the only problem is calculating the transport coefficients of neutrons on EAST. Fig. 6 shows the transport coefficient (normalized to one source neutron) variations as the major radius. The 235 U fission chamber is 1.5 m away from the window corresponding to R = 5.18 m in Fig. 6 whose result is 1.722×10 −8 cm −2 , and results in a calibration factor as 6.91×10
9 . However, ten statistical indices calculated by MCNP are used for estimation of Monte Carlo errors. Among others, the relative errors calculated are less than 0.1, indicating precise tally results. 
Experimental results and discussion
On recent EAST ICRF experiments, effective heating was observed at a frequency of 27 MHz and a toroidal field of 2.0 T, where the ratio of hydrogen to hydrogen and deuterium was about 6%∼10%. In these conditions, neutron yields increased remarkably during the ICRF phase showing an effective heating. At the same time, the radio frequency (RF) pulse had no noticeable effect on the central plasma density. The gamma-ray and hard X-ray were kept at a low level during the ICRF phase, which meant less photo-neutron.
In this kind of heating scheme, standard typical discharge is as shown in Fig. 7 , where the toroidal field B t ∼2.0 T, H/H+D∼8%, plasma current I p =600 kA, ICRF power P ICRF =600 kW, lower hybrid wave power P LHW =1 MW, and central electron line-averaged density n e is up to 3.5×10
19 m −3 . The averaged neutron yield is up to the order of 10 10 n/s during the ICRF pulse, which is calculated based on the EAST model. The stationary central ion temperature derived from the neutron yield is about 0.85 keV, which is consistent with the result from PXCS shown in Fig. 8 . The increase in the central ion temperature is about 0.4∼0.5 keV, and 0.17 keV in the central electron temperature. In the ICRH phase, the central ion temperature (T i0 =0.85 ± 0.09 keV) is close to the central electron temperature T e0 =0.93 ± 0.08 keV, measured by soft X-ray pulse height analysis (PHA), showing the presence of substantial bulk ion heating. The neutron spectrum shown in Fig. 9 , unfolded from PHA using the GRV MC32 and MAXED codes separately [17] , is the integrated counts throughout the discharge for the same shot. A narrow Doppler broadening shows a 0.72 keV averaged central ion temperature from the full width at half maximum (FWHM) peaked at 2.45 MeV. The Gaussian shaped spectrum is typical for Maxwellianion energy distribution, which gives confidence in the ion temperature derived from the neutron yields. With the wave dispersion and polarization defined [3] , different heating scenarios can now be examined. Fig. 10 plots the square of the refractive index perpendicular to the equilibrium magnetic field and electric field polarization as a function of the minor radius using the WKBJ and cold plasma approximations [18] for discharge 36622. The plasma with a low minority fraction results in an ion-ion hybrid resonance (IIHR) close to the cyclotron resonance. The hybrid cut-off before that resonance has a very high E + /E − which efficiently heats Doppler shifted minority protons. On EAST, the fast wave (FW) is emitted on the low field side (LFS) by an antenna that propagates inwards through the cyclotron layers ω = Ω H = 2Ω D at x=3 cm and reaches the cut-off x ∈ [−5, −8] cm in front of the fast wave IIHR layer at x = −8 cm, where the sharp variation of the fast wavefield induces the mode conversion to a slower ion Bernstein wave (IBW) propagating further to the high field side (HFS) with a short wavelength. Resonant wave-particle interactions are responsible for the absorption of the wave energy and lead to plasma heating in three ways: proton cyclotron heating, deuteron second harmonic cyclotron heating, and electron Landau damping (ELD) [3] . From a more basic point of view of understanding the heating mechanisms, a radial power disposition profile is simulated by using the TRANSP code (Goldston et al 1981) in Fig. 11 . A large fraction of the total wave power is transferred to the protons at their fundamental frequency, so that this minority species is expected to reach very high energies. And the physics of wave damping in deuterium at ω ≈ ω CD is in fact determined by the collisions by a small percentage of protons. Fig. 9 also shows no tail in the neutron energy spectrum created by high energy deuterons. Fig.10 Fast wave dispersion and polarization for a minority heating scheme (color online) 
Conclusion
The neutron yield has been calculated in ICRF heating plasmas based on neutron flux measurements and a detailed 3D model of EAST. In this simulation, MCAM and MCNP are used, since the CAD-based modeling program MCAM is a good bridge between the engineering 3D EAST model and particle transport simulation (such as MCNP). In ICRF heating experiments, the increase in the ion temperature is about 0.4∼0.6 keV, both derived by neutron yields and PXCS, indicating an effective plasma heating. A low minority fraction results in an IIHR close to the H(2D) cyclotron resonance, and the very high E + /E − around the hybrid cut-off heats Doppler shifted minority protons efficiently. The energy is transferred to deuterium by collisions with protons. However, the ion temperature derived by the neutron yield is consistent with the result by PXCS, showing an accurate reliable calibration factor by the MC method.
